Jet pipe electro-hydraulic servo valve is the heart of feedback control system, its performance plays an important role in establishing the properties of the system. Dynamic characteristics of the jet pipe servo valve depend on many parameters such as the stiffness of flexure tube and feedback spring or the moment of inertia of torque motor. The research results show that the stiffness of armature assembly and feedback spring are the key parts which can be directly related to the geometric and material parameters of torque motor. A suitable stiffness of the elastic system is necessary because a too low stiffness results in unstable equilibrium while a high stiffness requires a high electric input current. It is required the best stiffness of the flexure tube and the overall system for improving dynamic characteristics. A finite element method analysis is used in mathematical model for finding stiffness of the elastic system, moreover, the effect of amplitude bandwidth on the dynamic characteristics is developed, too. In order to improve the dynamic response bandwidth of two-stage jet pipe electro-hydraulic servo valve, optimal design for the moment of inertia of torque motor is investigated in this paper. The approximate range of the moment of inertia, J a , is found and the proper cause-effect relationship between the bandwidth and, J a , is revealed as well.
Introduction
Jet pipe electro-hydraulic servo valve is one of the mechatronic component used for controlling the flow direction, volume flow rate, force, pressure, position, speed and acceleration. Nowadays, when rapid and precise control of sizeable loads is required an electro-hydraulic servo valve is often the best approach to the problem. In general, the electro-hydraulic servo actuator provides fast response, high force and short stroke characteristics. Jet pipe electrohydraulic servo valve is widely used in electro-hydraulic servo system. It is mainly made of the torque motor, jet pipe, flexure tube, receiver holes, core body, spool, and feedback pole and sleeve assembly. The torque motor is an electromechanical transducer used to convert small electric current to a mechanical torque to deflect a jet pipe servo-valve. As the structural parameters of the torque motor is unreasonable in designing or torque motor design parameters for the first-stage of servo valve and the main valve structural parameters is not reasonable in matching, it often leads to an increase in non-linear and unstable properties (Li, et al., 2005) . Similarly, the restoring torque, from jet pipe through flexure tube to armature and armature bush, if the flexure tube is not properly designed with regard to stiffness, the servo-valve operation is affected (Urata, et al., 2008) . Somashekhar (Somashekhar, et al., 2004) simulated the steady state valve operation with using the FEM. The FEM analysis was carried out both as a static and as a dynamic analysis. Recently, researchers have tried to control the hydraulic actuators, using different approaches, adaptive controllers, sliding mode controllers, and others, in order to reach a high accuracy position and dynamic requirement, and to determine appropriate design parameters of the hydraulic servo system also is useful to improve its performance (Krejnin, et al., 1993) . The equilibrium state of the armature assembly is established when loads and elastic reactions are balanced. While electro-magnetic forces and fluid forces in torque motor has already been discussed. E.Urata has developed a theory for mathematical model of torque motor (Urata, 2007a , 2007b :. Urata, et al, 1998 . Das (Das, et al., 2003) modeled the electro-hydraulic actuation system used for launch-vehicle attitude control. The unified non-linear model was developed to take into account the associated non-linearity. A study was performed by Boulet (Boulet, et al., 1992) with linearized valve and fluid dynamics for a different hydraulic actuator. This paper reports on a selection of designing parameters of the jet pipe electro-hydraulic servo valve so that dynamic characteristics will be much better. Mathematical model gives us stiffness as well as the moment of inertia of armature assembly during the operation.
2. Structure and operating principle of jet pipe electro-hydraulic servo valve spool opens orifices are connected to a pressure supply and sink and to both sides of the main actuator piston. Hydraulic fluid at system pressure travels through the pilot-stage wire mesh filter into a feed-tube and out the projector jet. The projector jet directs this hydraulic fluid stream at two receivers, each of which is connected to the second stage spool's end chambers. The pilot-stage torque motor receives an electrical signal (current to the coils) and converts it into a mechanical torque on the armature and jet pipe assembly. The torque output is directly proportional to the input current. As more current is applied to the valve, greater forces are exerted to rotate the armature assembly around its pivot point, resulting in more fluid impinging on one receiver than the other. The result of differential pressure between the spool's end chamber triggers spool movement and, in turn, uncovers stage porting causing fluid to flow to and from, depending on spool direction, the two valve control ports (Kim, et al., 2000 and Allen, 1963) . The direction of spool displacement is opposite to the jet pipe rotation. As the spool moves, the feedback spring generates a force at the jet pipe which opposes the torque motor's force. The spool continues to move until the force generated by the feedback spring equals the force produced by the torque motor. Then the jet pipe position is returned to being centred over the two receivers. A small differential pressure usually remains across the ends of the spool to overcome Bernoulli flow forces that tend to close the valve and feedback spring force. The spool displacement is proportional to the control current in the torque motor. As the spool moves, fluid is metered proportionally to and from the second stage control ports. When input signals to the torque motor vary in amplitude and polarity, the second stage spool accurately follows the signals and meters fluid accordingly.
1-Upper permanent magnet; 2-Control coil; 3-Jet pipe; 4-Receiver holes; 5-Valve spool; 6-Valve body; 7-Valve sleeve; 8-Feedback spring; 9-Lower permanent magnet; 10-Flexure tube; 11-Armature of jet pipe Fig. 1 Schematic diagram of jet pipe servo valve 3. Mathematical model for finding stiffness of the elastic system in jet pipe assembly
The torque motor is located in the servo-valve first stage and provides a means of converting an electrical input to a mechanical output. They convert electric input signals of low-level current into proportional mechanical torque. The torque of motor is dependent on the ampere-turns which are applied. When armature polarization is reversed by input current polarity, the armature is attracted to the opposite pole pieces and the jet deflects to opposite receiver.
Steady state operation
During spool movement, it pushes the end of a feedback spring, creating a restoring torque on jet pipe. As the feedback torque becomes equal to torque from magnetic forces, jet pipe moves back to centered position (null position). The spool stops at a position where feedback spring torque equals torque due to input current. Therefore, the spool position is proportional to input current. Applied torque on the armature and jet pipe owing to an input differential current is given by
where K t is the torque constant of the torque motor, i c is the differential current in the two coils of the torque motor, θ is the jet pipe rotation, and K m is magnetic spring stiffness of the torque motor.
With presumption that the mass of the flexure tube can be neglected since the thickness of its wall is thin, from Fig.  2 , the torque dynamic equation of the armature assembly can be written as follows:
where K mf is the overall system stiffness; K f is the stiffness of feedback spring; x v is the spool displacement; J a is the motor's pole mass moment of inertia; C a is the damping factor; K a is the flexure tube rotational stiffness; r is the distance from the endpoint of feedback pole to feedback pole rotation centre. 
Electro-magnetic spring stiffness K m has a destabilizing effect, so the stiffness term (K a -K m ) should be kept positive (4) This term is often negligible when compared with the flow reaction term. In the design of the servo-valve, the correct combination of flexure tube stiffness, corresponding jet pipe deflection for the designed forces on the armature, and feedback spring stiffness is required, only then will the desired steady-state value of the spool displacement corresponding to the port design be achieved. This will then ensure the correct nominal flow being obtained from the servo valve. Basic voltage equation of torque motor is given
amplification factor, R is the control current resistance, i c is the differential current in two coil. Taking the Laplace transform of (2) and (5) yields
From above equations, we have block diagram of torque motor, as illustrated in Fig. 3 . 
K qr is jet pipe flow gain, and l is the distance between the pivot point and the nozzle end; A v is area of the spool end.
Substituting the overall system stiffness f an mf
From equations (4), (8) and Eq. (9), to improve the dynamic response of the system, it is necessary to enhance the value of K vf , and to reduce the value of overall system stiffness K mf . With Eq. (10), the values of l; r; K qr and A v are the geometric parameters, therefore considering the value of K mf through the expression of
It can be seen that the minimum value of the overall system stiffness K mf occurs if the expression of K an = 0 . 
For system operation in stability, the Routh-Hurwitz stability criterion is taken
where ζ' mf is the general damping ratio of torque motor, which is produced together by the electro-magnetic damping and the mechanical damping ζ mf .
In the steady state operation, from Fig. 3 , it can be found out the following expression:
On the other hand, from Eq. (11), the flexure tube rotational stiffness K a is given as follows:
where g φ is polarized flux; N c is number of turns; f is the correction coefficient of magnetic flux leakage and magnetic resistance; g is the air gap length when armature is in the middle; a is the distance from armature rotational center to the pole surface; R g is the air gap reluctance,
Thus, it's better of choosing: 
Feedback spring stiffness
The net force on the spool is from the differential pressure at the spool ends p L , inertia, friction forces, viscous damping force, flow forces, the restoring force of the feedback spring.
The force balance equation of the spool given as follows
where, F c is the steady state flow force, in the four-port valve the flow forces remains from two orifices, which gives the total steady state flow force as follows:
For an ideal valve, assuming the jet angle is
friction force between spool and sleeve; m v is the mass of spool; x v is the spool displacement; C is the kinematic viscosity damping coefficient of spool in the valve; K f is the stiffness of feedback spring pole; w is the area gradient;
θ is the rotations of armature; p L is the load pressure in valve,
Thus, the differential equation of spool can be rewritten as follows 
The general solution for x n in solving the transient equation is for the under-damped system ( ζ < 1)
where, ω is the angular frequency of the motion when it is in the damped condition specified by ζ ,
To improve the dynamic response of the system, we choose the under-damped system (20) and the value of the damping factor ζ = 0.707. With ζ = 0.707, the percentage overshoot of the system is about 6.5% and the number of oscillations occurring within the 2% settling time is given by 0.7 .With step response of an under-damped second-order system, the rise time t r is the time taken for the response x to rise from 0 to the steady-state value x ss and is a measure of how fast a system response to the input. This is the time for the oscillating response to complete a quarter of a cycle, thus π ω 2 1 = r t . The peak time t p is the time taken for the response to rise from 0 to the first peak we can obtain the stiffness of the feedback spring pole as follows:
, from the expression K = K f + 0.43wp 0 , it can be seen that the maximum stiffness of the feedback spring pole is given by K f max = 0.332 [N.mm into Eq. (15), then gives torque constant of the torque motor:
And then, the flexure tube rotational stiffness, K a , is as follows:
Substituting for K f into Eq. (3) gives the value of the overall system stiffness: K mf = r 2 .K f .
FEM for finding the feedback spring stiffness
FEM for finding the feedback spring stiffness is necessary and its result is compared with mathematical method. An attempt has been made to predict the stiffness in the feedback spring pole (Somashekhar, et al., 2007) . The finite element analysis was carried out in Abaqus ver. 6.7 with suitable assumptions for the boundary and loading conditions as follows:
1) All degrees of freedom on the surface of spring guide are arrested since it is press fitted with nozzle.
2) A maximum nodal force is 0.27[N].
3) The maximum deflection of the end of feedback spring pole is 0.85 [mm] 4) The material of feedback spring pole is ASTM B196. Table 1 shows the material properties used for the FE modelling of the components Figure 4 shows the finite element model of feedback spring. Depending upon the nature of operation, suitable elements are used in finite element with suitable material properties. Table 2 4. Effects of the armature assembly moment of inertia J a on dynamic characteristics From equation (13), it can be seen that if the value of K vf is enhanced, the natural frequency, ω mf , of torque motor will increase, too. As ω mf = (K mf /J a ) 0.5 , hence, the armature assembly moment of inertia, J a , gives effect on dynamic 
Choosing the general damping ratio ζ' of 0.3, and substituting the specifications of valve into the expression (14), then yields: 
Equation (24) The analyzed jet pipe servo valve is of miniature type and has the specifications shown in Table 3 . From equation (12), the time response and frequency response of the model outputs is depicted in Fig. 5 . As ω mf = (K mf /J a ) 0.5 , then Eq. (12) is effected by the moment of inertia, J a . When the moment of inertia is changed, Bandwidth frequency is an important measure of speed of response, and the moment of inertia affects to the dynamic response of the system. Therefore, it is necessary to find out the best value of moment of inertia. Fig. 5 shows that response time and the steady state are mainly affected by the moment of inertia of armature assembly, J a .
Simulation and experimental results

Simulation
The Maclaurin series expansion of Eq. (24) gradually decrease with the increasing of the armature assembly moment of inertia J a .
Experiment
In Figure 7 , the experimental apparatuses of torque motor dynamic response are seen, and the diagram of experimental principle of dynamic characteristics is illustrated in Fig. 8 .
Fig. 7 Experimental apparatus of torque motor dynamic response
The influence of the armature assembly moment of inertia of the torque motor on the frequency response of the servo valve was measured. Armature assembly of torque motor consists of the armature, flexure tube and jet pipe. The concentrated loads of 0.95 [N] were applied on the armature to create the torque on armature. Considering armature assembly of servo valve torque motor is a particular rigid body. Thus, the mass moment of inertia is defined as:
where, M is the mass of armature assembly, M = ρ.V ; r is the distance between the axis and rotational mass; ρ is density. Then the moment of inertia, J, depends on the axis chosen, the shape, and density of armature assembly, i.e. J = J(ρ,V,r) (26) The first order Taylor series expansion of Eq. (26) is : 
Discussion
It can be seen that the natural frequency of torque motor, ω mf = (K mf /J a ) 0.5 , decreases in value when the value of the moment of inertia J a is in high range. This gets worse and worse in dynamic characteristics of torque motor. On the other hand, the bandwidth is based on the actual requirements of the control system to identify. If the bandwidth is too low, it will reduce the speed of response, otherwise the high bandwidth will interference with high-frequency and spread on the load. As the torque motor of servo valve is designed, with the specifications of jet pipe servo valve are changed, the general cubic equation is always obtained, and it is similar to Eq. (24). A positive real solution of Eq. (24) is always occurred, it is similar to Eq. (25), and its graph is not much different from the shape in Fig. 6 . The value of the moment of inertia, J a , is as small as possible. According to practical experience, its value is: J a < 2×10 . Finding of dominant parameters in servo valve torque motor is based on the desired dynamic characteristics. The design method mainly relies upon the qualitative criteria of system dynamics, so the achievement of results is reliable.
Conclusions
In this paper, model for finding armature assembly moment of inertia in torque motor is proposed. In order to have good dynamic responses and the system work in stability, optimal design for the structural parameters of servo valve torque motor is taken. The feedback spring stiffness, the mechanical stiffness and the unstable magnetic spring stiffness are included. Furthermore, an exact estimate of the armature assembly moment of inertia was found out. The optimal moment of inertia value should be selected from 0.15×10 -6 [kg.m 2 ] to 1×10 -6 [kg.m 2 ]. The biggest improvement of dynamic performance would comprise finding the relationship between the bandwidth, the moment of inertia and the natural frequency of torque motor in jet pipe servo valve.
